INTRODUCTION
The small stress proteins [heat-shock proteins (hsps)] are sequence related to a-crystallin and belong to a family of polypeptides, the synthesis of which is stimulated and/or induced by stress (i.e. heat shock or arsenite treatment) [1, 2] . In mammalian cells, there are only two endogenous small hsps, hsp27 and aB-crystallin. Recent data have shown that elevated expression of small hsps efficiently protected mammalian cells against heat and oxidative stress [3] [4] [5] [6] [7] . In addition, we observed that murine L929 cells stably transfected with genes encoding human hsp27, Drosophila hsp27 or human aB-crystallin were resistant to the killing activity mediated by tumour necrosis factor a (TNFa) [7, 8] . The biochemical function of the small hsps that results in enhanced cellular protection against different forms of stress is not yet clear, but may be a consequence of the ability of these proteins to act in vitro as molecular chaperones enhancing the renaturation of denatured polypeptides in an ATP-independent manner [9, 10] .
The small hsps are oligomeric polypeptides that display heterogeneous native molecular masses ranging from 100 to 800 kDa [2] . Numerous stimuli as well as changes in cell physiology have been found to alter their oligomerization pattern [2, 8, [11] [12] [13] . For example, dramatic changes in the oligomerization pattern of hsp27 have been induced by stimulation with either serum [12] or TNFa [8] . In the case of HeLa cells exposed to TNFa, we observed a rapid and transient reorganization of a fraction of hsp27 molecules toward large oligomeric structures. This phenomenon was followed by a dramatic reduction in size of hsp27 oligomers leading to the overexpression of the antioxidant enzyme seleno-glutathione peroxidase (GSHPx). These effects were greatly diminished when GSHPx-expressing cells were grown in the absence of selenium, a cofactor that is essential for seleno-GSHPx activity, indicating that they are directly linked to the increased GSHPx activity. Moreover, in growing T47D cells, GSHPx expression induced intracellular redistribution of hsp27 and decreased the phosphorylation of this protein without altering its pattern of oligomerization. In contrast, the heat-mediated phosphorylation of hsp27 was not altered by decreased intracellular ROS levels. Hence, in growing and TNF-treated cells, several hsp27 properties appear to be modulated by fluctuations in intracellular ROS levels.
redistribution of this protein into small aggregates [8] . A similar formation of small hsp27 aggregates has been reported in TNFatreated U251 MG human glioma cells by Kato et al. [13] . The significance of these events in the protective activity of hsp27 is not known.
Another feature of hsp27 is its stimulated phosphorylation under different cellular conditions. This phenomenon is observed after exposure to stress, differentiating agents, mitogens, inflammatory cytokines such as TNFa and interleukin 1 (IL-1), H202 and various other oxidants [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Although not studied in every case, hsp27 phosphorylation appears to occur at the same serine residue [27, 28] , suggesting the involvement of the same kinase (hsp27 kinase) which may be activated by different signaltransduction mechanisms. The role played by this modification of the structure/function of hsp27 is not yet clear. For example, depending on the stimulus, phosphorylation correlates with either reduced (TNFa, phorbol ester) [8, 13] or increased (serum stimulation) [12] oligomerization of this protein. Other studies using site-directed mutagenesis of hsp27 phosphorylated serine residues also led to perplexing observations. One [29] reported decreased chaperone activity of hsp27 when the phosphorylated serine sites were replaced by glycine residues . In contrast, Knauf et al. [30] described no alteration of the protective activity and structural organization of this protein when alanine residues were inserted instead of glycine at the level of the phosphorylated sites.
Oxidative stress is a consequence of above-normal levels of intracellular reactive oxygen species (ROS) which include superoxide ion (02--), H202 and hydroxyl radical (OH'). They are side Abbreviations used: hsp, heat-shock protein; GSHPx, seleno-glutathione peroxidase; ROS, reactive oxygen species; IL-1, interleukin 1; NF-KB, nuclear factor KB; HE, hydroethidine; EB, ethidium bromide; DCFH-DA, 2',7'-dichlorofluorescein diacetate; DCF, dichlorofluorescein.
I To whom correspondence should be addressed.
367
products of electron-transfer reactions and are continuously produced in normal cells [31] . Increased ROS levels are detected in cells exposed to different stimuli, such as UV light, low concentrations of H202 and inflammatory cytokines such as TNFa and IL-1 [32] [33] [34] [35] [36] [37] . In addition to their potential role as cytocidal agents when expressed at high levels, such as in stimulated neutrophils during inflammatory processes [38] , ROS act as second messengers in different transduction mechanisms [36, [39] [40] , such as those mediating the activation of the nuclear factor KB (NF-KB) family [40] [41] [42] [43] .
In the present study, we examined the possible involvement of ROS in the signal-transduction mechanisms leading to TNFamediated changes in the structural organization and phosphorylation of hsp27. To this end, human breast carcinoma T47D cell lines [44, 45] , which differ dramatically in their glutathione peroxidase (GSHPx) contents, resistance to oxidative stress and capacity for ROS production, were used. In these cells, which contain high levels of constitutively expressed hsp27, the overexpression of GSHPx abolished the TNFa-mediated burst of ROS as well as the structural reorganization and phosphorylation of hsp27 induced by this cytokine. During normal cell growth, hsp27 phosphorylation was also downregulated by GSHPx overexpression, whereas high levels of this detoxicating enzyme did not alter the phosphorylation of hsp27 induced by heat shock. These results suggest a possible role for intracellular ROS in the modulation of hsp27 phosphorylation and structural organization.
MATERIALS AND METHODS Cell cultures
The human breast T47D cell line, a differentiated epithelial substrain of ductal carcinoma origin, was obtained from the ATCC (Rockville, MD, U.S.A.). T47D-HCMV-GSHPx-2 and T47D-Hygro-3 cell lines are two previously described transfectant derivatives of the T47D cell line [44] . The names of these cells will be abbreviated to T47D-GPx-2 and T47D-Hygro-3. All cells were grown at 37°C in Hepes-buffered RPMI medium (Sigma) supplemented with 0.1 ,tM sodium selenite, 2 mM L-glutamine, 0.5 ,g/ml insulin, 100 units/ml penicillin, 0.1 mg/ml streptomycin and 10 % fetal calf serum (Vie 3000, Lyon, France) in the presence of 5 % CO2.
Reagents
Murine recombinant TNFa (107 units/mg) was from BoehringerMannheim. N-Acetylcysteine, NitroBlue Tetrazolium, GSHPx and t-butylhydroperoxide were from Sigma. Anti-hsp70 serum was from Amersham Corp. The specificity of anti-hsp27 and anti-GSHPx antibodies has been described previously [11, 16, 44, 45] . GSHPx activity was determined in cell extracts in the presence of t-butylhydroperoxide, as previously described [44, 45] .
In vivo fluorescent measurement of intracellular ROS Two different fluorescent probes, 2',7'-dichlorofluorescein diacetate (DCFH-DA) [46] and hydroethidine (HE) (Molecular probe-Interchim, Montluron, France), the NaBH4-reduced form of ethidium bromide (EB) [47, 48] 
Assay of TNFx receptor
The TNFa-binding assay was performed as previously described [7, 49] . T47D-Hygro-3 and T47D-GPx-2 cells, grown in 24-well microtitre plates, were incubated with 2 x 105 c.p.m. of 1251_ labelled TNFa (iodotyrosyl 1251, 500-1000 mCi/ml; Amersham). After incubation for 2 h with labelled TNFa, cells were washed several times in prewarmed RPMI containing 10% fetal calf serum before being solubilized in 10 % Triton X-100. Cell-bound radioactivity was counted in a y-spectrometer. Specifically bound 251I-labelled TNFa was determined as the difference between binding in the absence and presence of excess (100-fold) unlabelled TNFa.
Cell fractionation Detergent lysis
Cells growing on 35 mm Falcon dishes were washed with PBS, scraped from the dish and pelleted at 1000 g for 5 min. Lysis was performed at 4°C in a buffer containing 10 mM Tris/HCl, pH 7.4, 1 mM MgCl2, 10 mM NaCl and 0.1 % Triton X-100. The lysates were centrifuged at 2000 g for 10 min (pellet P2). The resulting supernatants were then centrifuged at 20000 g for 10 min (pellet P20 and supernatant S). The subcellular fractions were then boiled in Laemmli sample buffer.
Hypotonic lysis
The same protocol as that described above was used, except that the lysis buffer was devoid of Triton X-100.
Gel-filtration analysis T47D-GPx-2 and T47D-Hygro-3 cells treated or not for various time periods with 2000 units/ml TNFac were washed in PBS, scraped from Falcon flasks and lysed at 4°C in a buffer containing 20 mM Tris/HCl, pH 7.4, 20 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA and 0.1 % Triton X100. The 20000 g supernatants were then applied to a Sepharose 6B gel-filtration column (1 cm x 100 cm) (Pharmacia, Uppsala, Sweden) equilibrated and developed in the lysis buffer devoid ofTriton X-100. The presence of hsp27 in the fraction eluted from the column was detected by one-dimensional immunoblot analysis using anti-hsp27 serum as 
Gel electrophoresis and immunoblotting
One-or two-dimensional gel electrophoresis and immunoblots were performed as described previously [16, 25, 50] . Hsp27, hsp70 and GSHPx antisera were used as primary antibodies and immunoblots were detected with the ECL kit from Amersham. The duration exposure was calculated so as to be in the linear response of the film. The spots on the films, representing the levels of the different hsp27 isoforms, were scanned using the Bioprofil system (Vilber Lourmat, Paris, France).
RESULTS
Response of human GSHPx-overexpressing T47D cells to exposure to TNFac Several oxidative-stress-resistant T47D cell lines that express similar levels of GSHPx (T47D-GPx-2,-16,-10) and control T47D cells that express the selection gene only (T47D-Hygro-3) were obtained [44, 45] . One of these cell lines, T47D-GPx-2, has been extensively studied. As seen in Figure l The GSHPx activity of T47D-GPx-2 cells (270 m-units/mg of cellular protein) is about 70-fold that observed in control T47D-Hygro-3 or parental T47D cells (4 m-units/mg). However, when the GSHPx activity of T47D-GPx-2 cells was compared with that observed in other cell types, such as murine NIH 3T3 fibroblasts or human SK-N-BE(2)-M17 neuroblastoma (80-90 m-units/ mg), only a 3-fold increase was noticed. Hence, control and parental T47D cells are characterized by very low GSHPx activity. In T47D-GPx-2 cells grown for 6 days in seleniumdepleted medium, a cofactor for GSHPx activity, the GSHPx activity decreased by a factor of about 7 (40 m-units/mg) and reached about half of that observed in untreated murine NIH 3T3 fibroblasts or human SK-N-BE(2)-M17 neuroblastoma.
We then analysed the effect of GSHPx expression on the intracellular pool of ROS. Two different fluorescent probes, DCFH-DA and HE, were used to estimate the level of intracellular ROS [46] [47] [48] . When oxidized, DCFH-DA is converted (Figures 2a  and 2b, iv) , which was much smaller than that measured in untreated T47D-Hygro-3 cells. Essentially similar results were obtained with other T47D cell lines that express similar levels of GSHPx (not shown). Control experiments were performed in which T47D-GPx-2 cells were grown for 6 days in seleniumdepleted medium in order to depress GSHPx levels. In such cells, where GSHPx activity was about 15 % of that normally found in T47D-GPx-2 cells, HE oxidation was close to that observed in T47D-Hygro-3 cells (Figure 2b, v and vi) . In T47D-Hygro-3 cells, selenium depletion had no detectable effects on HE oxidation. Figure 2(c) shows the results obtained when intracellular ROS levels were analysed by DCF fluorescence. GSHPxexpressing T47D cells showed almost a twofold lower intracellular DCF fluorescence than control cells. This effect was abolished when T47D-GPx-2 cells were grown in seleniumdepleted medium (not shown).Only a small increase in DCF fluorescence was induced by TNFa in T47D-Hygro-3 cells (not shown), suggesting that this method is not adequate to detect a TNFa-mediated effect on intracellular ROS levels. We also analysed the potential of cell extracts to reduce NitroBlue Tetrazolium to formazan [34, 52] . We found that the reducing ability of cell extracts matched strikingly (not shown) the pattern of HE fluorescence (Figures 2a and 2b) [11]. Recently, we noticed that the concentration of hsp27 in the particulate fractions was greatly diminished in serum-starved [12] and TNFa-treated [8] HeLa cells. We therefore analysed the cellular distribution of hsp27 in T47D cells overexpressing GSHPx and those that were not. After cell lysis in the absence of detergent, the distribution of hsp27 in different subcellar fractions (2000 g pellet, 20000 g pellet and supernatant) was analysed in immunoblots as described in the Materials and methods section.
In normal T47D-Hygro-3 cells growing at 37°C, hsp27 was mainly distributed in the 20000 g pellet (P20) and supernatant (S) fractions (Figure 3a) . After a 30 min treatment with 2000-units/ml TNFa, it tended to concentrate in the 20000 g supernatant fraction (Figure 3b ). Contrasting with these observations, in untreated T47D-GPx-2 cells, hsp27 was concentrated in the P2 and P20 pellets (Figure 3c) . After a 30 min treatment with 2000 units/ml TNFa, the distribution of hsp27 did not change much, except for a shift of some molecules toward the P20 pellet ( Figure  3d ). Hsp27 is an oligomeric protein that forms large aggregates (200-800 kDa) inside the cell [2] . This is illustrated in Figure 4 (a) which shows an immunoblot analysis of hsp27 distribution in the fractions eluted from a Sepharose 6B gel-filtration column loaded with T47D-Hygro-3 cytoplasmic cell extracts (see the Materials and methods section). After h of treatment with 2000 units/ml TNFax, the distribution of hsp27 oligomers was profoundly modified and displayed two major populations which differed in their native molecular masses (I100-150 kDa and 500-700 kDa) (Figure 4b ). After 4 h of treatment, the majority of this protein was recovered as 100-150 kDa aggregates (Figure 4c ). This indicates, as previously described in other cell types, such as U25 1 Mg human glioma [13] , HeLa and L929-27-3 [8] [12, 15, 25] .
As observed in other cell lines [8, [20] [21] [22] [23] [24] [25] Heat shock is another condition that stimulates hsp27 phosphorylation [14, 16, 50] . As a control experiment, we investigated the level of hsp27 isoforms in T47D-GPx-2 cells exposed to heat shock. It can be seen in Figure 6 that, after heat shock treatment for h at 44 'C, T47D-GPx-2 cells displayed the same pattern of hsp27 phospho-isoforms (b, c and d) as heattreated T47D-Hygro-3 cells. This is particularly remarkable as, in T47D-GPx-2 cells growing at 37 'C, hsp27 is completely dephosphorylated and is therefore recovered at the level of the unphosphorylated a isoform (see also Figure 5c ). This experiment suggests that the signal-transduction mechanisms leading to occurred during the first 30 min of TNFa treatment and was back to normal 1 h later [22, 50] . The same observation was made in T47D cells treated with TNFa (not shown). However, as shown above, the levels of the major phospho-isoforms of hsp27 remain high for several hours after TNFa addition. This suggests that, after an intense but transient incorporation of phosphate, the phosphorylated hsp27 serine residues display a slow turnover. These observations imply complex regulation of the kinase/ phosphate machinery that controls hsp27 phosphorylation during TNFa treatment. It can be seen in Figure 7 (b), that after 10 min incubation with TNFa, an increased level of ROS is already detected in T47D-Hygro-3 cells. Therefore the increased accumulation of ROS induced by TNFa may take less than 10 min to reach maximum. A similar level of ROS is still observed 30 min after the addition of the cytokine to the culture medium; the values then return to normal by 1 h. Therefore, during TNFa treatment, there is a time correlation between the presence of elevated levels of ROS and the capability of hsp27 to display an enhanced in vivo incorporation of [32P]P . However, the transient ROS accumulation contrasted with the rather long-lasting hsp27 c phosphoisoform accumulation and structural reorganization of this protein.
DISCUSSION
Cell exposure to TNFa increases the intracellular concentration of ROS and induces changes in the cellular localization, structural organization and phosphorylation of the small stress protein hsp27 [8, [19] [20] [21] [22] [23] [24] [25] [26] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Transfectant T47D-GPx cell lines, expressing high levels of recombinant GSHPx, were used as a model in which the intracellular steady-state level of ROS is lower than in parental T47D cells. These cell lines have enhanced resistance to oxidative stress mediated by H202 organic hydroperoxides or menadione, which are drugs known to induce the accumulation of intracellular ROS [44] . By using HE, a fluorescent probe that can be oxidized by ROS, we found that under conditions of normal growth as well as after TNFa treatment, overexpression of GSHPx correlated with a decreased oxidation of this compound. This effect was dependent on the presence of selenium in the growth medium, a cofactor that is essential for GSHPx synthesis and activity. Although we cannot exclude the possibility that the observed change in fluorescence occurred independently of ROS, the results obtained with another fluorescent probe, DCFH-DA, suggest that these reactive species are responsible for the phenomenon. Our results therefore suggest that GSHPx-overexpressing cells contain lower concentrations of ROS than control transfectants expressing no recombinant GSHPx (T47D-Hygro-3 cells). In control experiments, we have shown that overexpression of GSHPx did not alter the binding of TNFa to its receptors. Moreover, we have observed that the TNFa-mediated binding of the NF-KB transcription factor to DNA was abolished in extracts of H202-' menadione-and TNFa-treated T47D-GPx-2 cells (C. Kretz-Remy, P. Mehlen and A.-P. Arrigo, unpublished work). These observations confirm the earlier paper of Schreck et al. [40] reporting that intracellular ROS serve as activators of the transcription factor NF-KB.
At the molecular level, TNFa induces cellular redistribution and modifies the oligomerization and phosphorylation pattern of hsp27. This results, after complex and transient changes in the structure of this protein, in its accumulation in the soluble phase of the cytoplasm in the form of small aggregates (-100-150 kDa). This phenomenon was found to be ROS-dependent.
However, kinetic analysis argues against a continuous action of ROS on hsp27 structure. This implies that these reactive species may act as triggers in the induction of the TNFa-mediated structural reorganization of this protein. Whether this event occurs through an alteration of the intracellular redox potential and at the level of the unique cysteine residue of hsp27 is not known.
Fractionation analysis of growing GSHPx-expressing cells revealed a correlation between decreased ROS levels and intracellular redistribution of hsp27 toward particulate fractions. Moreover, the overexpression of GSHPx induced dephosphorylation of hsp27. The apparent lack of hsp27 dephosphorylation in T47D-Hygro-3 cells treated with N-acelylcysteine should be interpreted with caution as reducing agents have recently been shown to induce numerous additional effects in the cell [53] , such as the phosphorylation of certain proteins, including the translation factor eIF-2B [54] . It is also possible that this effect is due to the rather long half-life of hsp27 phospho-isoforms. The dephosphorylation of hsp27 in growing T47D-GPx-2 cells implies that the basal phosphorylation of hsp27, which is thought to be due to the presence of growth factors in the culture medium [15, 50] , is not of crucial importance for T47D-GPx-2 cell growth. Moreover, the dephosphorylation of hsp27 did not correlate with the dramatic effect on the basal oligomerization pattern of this protein. This suggests that, in growing cells, mechanisms other than phosphorylation regulate hsp27 oligomerization. In this respect, attempts to dissociate hsp27 oligomers by different phosphatase treatments have not been successful (A.-P. Arrigo and P. Mehlen, unpublished work). Moreover, site-directed mutagenesis, where the phosphorylated sites were replaced by alanine residues, did not result in altered oligomerization of the protein [30] . Therefore it is not yet clear whether, as stated by Kato et al. [13] , phosphorylation is responsible for the accumulation of hsp27 in the form of small aggregates after TNFa.
treatment.
In TNFa-treated T47D-Hygro-3 cells, kinetic analysis suggests that ROS accumulation is transient and corresponds to the time during which hsp27 incorporates 32P-labelled P,. Consequently, ROS may regulate the kinase involved in hsp27 phosphorylation. In this respect, it has been reported recently that the phosphorylation of hsp27 by TNFa, IL-I or heat shock is the result of activation of mitogen activated protein kinase activated protein kinase 2 [19, [55] [56] [57] . On the other hand, the involvement of oxidants in the inactivation of specific phosphatase(s) cannot be excluded. For example, tyrosine phosphatases appear to be specifically sensitive to the presence of high concentrations of ROS [58, 59] . Inactivation of a redox-sensitive phosphatase has also been described during the early events of TNFa signal transduction [26] . This phosphatase is thought to depend on vicinyl SH groups for its activity. It is not known whether this enzyme corresponds to phosphatase 2B, which in vitro is able to dephosphorylate hsp27 specifically [60] . Another point is that in heat-treated cells, hsp27 phosphorylation occurs independently of decreased ROS levels. Consequently, although the kinase involved is identical [55] [56] [57] , the signal -transduction mechanism leading to the stimulation of hsp27 phosphorylation by heat shock appears to be different from that observed during stimulation by TNFa and mitogen. This mechanism may also differ from that regulating hsp gene expression since, in this case, a redox mechanism has recently been suggested [53] .
We have observed that the expression of human hsp27 or other small hsps in TNFa-sensitive L929 murine fibroblasts induces strong protection against the killing effect of this cytokine as well as that mediated by oxidative stress [7, 8] . Moreover, we have also this protein are modified in HeLa and transfected L929 cells exposed to TNFa [8] . The [63, 64] . Experiments using TNFa-sensitive cells expressing hsp27 mutants may help to decide whether the abovedescribed putative activities of this protein are linked to the ROS-dependent changes in its oligomerization and phosphorylation states.
